that had hatched were determined from the traces left on the bark and wood. An approximately ten-fold range of initial population densities was obtained for each species. The logs used were chosen so that the phloem was approximately the thickness of a mature larva of each species. As a result, the phloem was virtually a two-dimensional environment for the larvae, and numbers can be expressed in terms of a unit area of phloem of 1000 cm2. For certain comparisons between species, a unit volume of phloem of 100 cm3 has been used because of the different phloem thickness of logs attacked by different species.
It is not possible to quantify the effects of competition on the different larval instars, although it is possible to make qualitative predictions of the effects of various factors on the intensity of competition between the larvae. In this investigation the effects of competition were measured in terms of the number and size of the adults that emerged, Jamnicky (1962) has shown for the bark beetle Leperisinus varius (F.) (= fraxini Panzer), that there is no difference in percentage mortality of eggs, pupae and teneral adults at different population densities in the absence of predators and parasites. This conclusion may reasonably be held to apply to the species considered here, so that variations in adult numbers and sizes fairly represent the effects of larval competition on the population.
EFFECTS OF COMPETITION
As larval population density increases, competition for food can affect a population in several ways (Klomp 1964) , resulting in: (1) an increase in the mortality of the larvae or of some later stage in the life cycle; (2) a decrease in the size or weight of the larvae, pupae or adults, resulting in reduced adult fecundity or rate of oviposition; (3) a change in the rate of development of the immature stages or in the longevity of the adults; (4) a change in the sex ratio; (5) movement out of the area of competition. There is no certain evidence that any of the three last effects occur in the bark beetles studied. I have no information on adult longevity. The possibility of a reduced rate of larval development at high population densities is discussed further below. In all three species, the sex ratio was approximately 1: 1 whatever the population density. The limited powers of larval movement within the phloem effectively exclude the possibility of the larvae moving out of an area of intense competition.
Effect of competition on mortality
To show the effect of intraspecific competition on mortality at various population densities, the logarithm of the number of adults emerging per 1000 cm2 is plotted against the logarithm of the number of eggs hatching per 1000 cm2 (Fig. 1) . Mortality of larvae, pupae and teneral adults is thus included. A linear regression has been fitted to the points for each species. A slope of unity (b = 1) indicates that mortality increases at the same rate as population density. A slope significantly less than one suggests that mortality is density-dependent. A number of authors (Eberhardt 1970; Maelzer 1970; St Amant 1970; Brockelman & Fagen 1972 ) have justly criticized the use of regression analysis to test for density-dependence in time-series data. The main difficulties (Brockelman & Fagen 1972 ) are: (1) excessive sampling error; (2) serial correlation in both variables; (3) lack of complete statistical independence between the initial and final population sizes. In the present case, sampling errors are small since both the number of eggs hatching and the number of adults emerging could be counted with some accuracy. The data do not form part of a time-series. However, the initial and final population sizes are not statistically independent. Brockelman & Fagen (1972) note that there is at present no exact way of overcoming this problem. The interpretation of the results obtained here must therefore be made with caution. There is no evidence that mortality of pupae and teneral adults is density-dependent (Beaver (1967b) for Scolytus scolytus). There is always sufficient room for the larvae to pupate and any indication of density-dependent mortality can reasonably be attributed to competition between the larvae. The slope of the regression line for S. multistriatus is not significantly different from b = 1 (0.2>P>01), and there is thus no evidence for density-dependent mortality. For S. scolytus, the difference in slope is significant (002>P>0 01), indicating that densitydependent mortality probably occurs. The two lines shown in Fig. 1 for Tomicus piniperda represent two different groups of logs, the first (x) felled and exposed to immediate attack in spring, the second (0) felled in November and only attacked the following spring. Both groups of logs were cut in the same area, and the only obvious difference between them was in the time before attacks started. It is clear that mortality is higher at all initial population densities in the logs cut in November. It can be suggested that this difference is due to the lower quality of the food in these logs. The phloem had deteriorated during winter. For both sets of logs, the slope of the regression line is significantly less than one (P<0 001), giving good evidence of density-dependent mortality in this species. It will be noted that the slope of the regressions is lower in T. piniperda than in Scolytus spp., suggesting that there is greater compensation for variations in initial density through increased mortality in Tomicus piniperda. However, in the range of overlapping initial densities (160-600 eggs hatching per 1000 cm2, or 2*2-2*8 on a logarithmic scale), the level of mortality is little different in the three species.
Nuorteva ( April. The larvae in these were parasitized, but also heavily preyed upon by larvae of Medetera nitida (Macquart) and M. impigra Collin (Diptera: Dolichopodidae). Bark beetle mortality in these logs was considerably higher than in the other two groups. (A very few Scolytus scolytus emerged from two of the last group of logs in the first summer, but the number of emergences was too small to affect the results appreciably.) Up to about 320 eggs hatching per 1000 cm2 (2.5 on a logarithmic scale), the mean individual weight of the emerging adults remains approximately constant at about 3'4 mg, with the exception of one aberrant point which has not been included in the regression. There is no significant difference between the mean weights for the two sets of logs involved. The regression has a slope which is not significantly different from the horizontal. At higher initial densities, the results can be divided into two groups-logs from which adults emerged before winter (x, A), and logs from which adults emerged the following year (o). The mean individual weight is clearly higher in the latter group at corresponding initial densities. In both groups, the slope of the regression line is significantly different from zero (0-05>P>0-02), but the slopes of the two groups do not differ significantly. The results suggest that up to an initial density of about 320 larvae per 1000 cm2, there is sufficient food available for the maximum average weight (c. 3-4 mg) of the individual to be attained. (Some individuals, of course, are heavier than this. The variation in weight of individuals emerging from a single log is discussed further below.) As population density increases, competition for food results in the larvae pupating at lower and lower weights until a minimum value is reached representing the smallest viable size of individual. The smallest individuals of S. scolytus to emerge weighed only 0 7-0 9 mg. This is well below the lowest average figure of 1 6 mg per individual for all emergences from a log, and indicates that a further reduction in size and weight is possible at densities higher than those observed here; presumably above a certain density, there can be no further decrease in weight and an increase in mortality can be expected.
It appears that parasites have almost no effect on the weight of emerging adults. This is probably because they chiefly attack almost fully grown larvae. Competition has largely taken place before the attacks, and there is little reduction in the intensity of competition. Parasitism simply increases mortality. Predators, on the other hand, feed on all stages of the bark beetles. Thus they may reduce the density of the competing larvae and allow the survivors to grow to a larger size. However, it is also possible that the larvae which were left to overwinter had a longer feeding period and would have grown to a larger size whether or not predators were present. It will be noted (Figs. 2 and 3 ) that the slope of the regression lines is steeper for S. scolytus (excluding the low initial densities) than for the other two species. This seems to be associated with a greater plasticity of body size in S. scolytus (Table 1) If the pattern of emergences from a single log is studied, a wide range of individual weights is found, typically, relationships of the kind shown in Fig. 4 . The number of adults emerging per 2-day period rises to a peak over the first few days and then decreases with a long 'tail' extending in some cases over 50-60 days. A small second peak may or may not be present. Usually, the mean weight rises slightly over the first few days of the emergence period. The maximum values usually occur at the same time as the peak in number of emergences. As emergences continue, the mean weight decreases. The last few adults to emerge may be of much lower weight. Some adults with a low body weight almost always emerge even from logs with a low attack density. This suggests that there may be localized competition in certain areas of the phloem, perhaps within a gallery system, even when it would scarcely be expected for the log as a whole. Similar emergence patterns are found in all three species studied, though in some logs the pattern is not so obvious as in Fig. 4 . Similar patterns have been observed in some stored-products beetles (Richards 1948; Howe 1966). Howe found that the stragglers with the longest development times tended to be the heaviest of all. The reverse was the case in this study. Murai & Fujii (1970) found changes in the shape of the emergence curve of Callosobruchus chinensis (L.) (Coleoptera: Bruchidae) with increasing population density, and explained these in terms of differential competitive pressure on early-hatching and late-hatching individuals. It is likely that the same processes affect the scolytid larvae, but the variation between logs was too great to detect changes in the emergence curve with density.
The emergence pattern observed in the present experiments must result in part from the attack pattern of the parent adults and the prolonged oviposition period. The adults emerging in the first few days probably develop at the same rate but to a smaller size than the adults emerging at the peak period. The lower weights in the 'tail' of the distribution may be the result of the greater intensity of competition between later-hatching than earlier-hatching larvae. There is less food available to the former and it may be impossible for them to grow to full size. It is also possible that the lower weights are the result of the lower quality of food available to later-hatching larvae. In either case the rate of development of the later-emerging adults has not necessarily been slower than that of the earlieremerging adults. All the former may have developed from later-hatching larvae. However, the 'tail' of the distribution sometimes extends over a much longer period than would be expected from the limited attack period, and it seems possible that the deteriorating quality of the food or some other factor slows down the development of the laterhatching larvae.
Effect of competition on total biomass produced
To show the effect of competition on the total biomass of bark beetle adults emerging from a log, the logarithm of total biomass produced per 100 cm3 has been plotted against the logarithm of the number of larvae hatching per 100 cm3 of phloem (Fig. 5) . The figure shows that beetle production increases with population density in all three species. There is no obvious sign of a fall in production per unit volume at high densities, but the fact that the slopes of the regressions are all less than 1 0 indicates that production increases at a lower rate than population density. If it is assumed that food quality is the same in the sets of logs compared, it is possible to compare the relative efficiency of the bark beetles in making use of their food to produce adult beetles. At the population densities at which the regressions overlap (100-400 larvae hatching per 100 cm3, or 2-0-2-6 on a logarithmic scale), Scolytus scolytus is the most efficient converter of phloem into beetle tissues, followed by Tomicus piniperda. The effect of poorer food quality is again shown in the lower set of points (0) ) that mortality attributable to competition starts at the lowest population densities normally encountered in the field and increases with density. This was also found in this study. Mortality at very low densities is probably due to competition within a gallery system rather than between larvae from different gallery systems. Thalenhorst (1958) found that a proportion of the larvae of Ips typographus were always prevented by the galleries of neighbouring larvae, from obtaining sufficient food soon after hatching. Intra-gallery competition may, however, be reduced by the wider spacing of egg niches, resulting in wider separation of the young larval galleries. The spacing of egg niches is closer in Scolytus multistriatus than in S. scolytus and Tomicus piniperda (R. A. Beaver unpublished), but since Scolytus multistriatus is a smaller species, the intensity of intra-gallery competition is probably similar in all three species. There is no significant change in the spacing of niches with increasing attack density in the three species (R. A. Beaver, unpublished). Thus, as population density rises, the intensity of intra-gallery competition remains more or less constant, while inter-gallery competition becomes more important and begins to occur at an earlier stage of larval development. The distribution of gallery systems is also important. Even when the total food supply is sufficient for development of all the larvae, some may die because of the irregular distribution of the galleries on the logs (Kangas 1953 ). In the field, S. scolytus galleries tend to be aggregated in the lower half of horizontal logs, while in Tomicus piniperda, the aggregation is in the top half. However, within these areas, the galleries are spaced at random or with a tendency towards regularity (R. A. Beaver, unpublished). In the present study, the variation between logs made it impossible to detect any effect on mortality of differing degrees of aggregation of the maternal galleries.
The intensity of competition also depends on the relative sizes of the larvae. Oviposition continues as the parental gallery is extended through the phloem, often over a period of several weeks, so that even within one gallery the first-laid eggs may have developed into well-grown larvae before the last have hatched. This effect is increased in the field by the fact that the galleries in a single log are usually started over a period of several weeks. As a result, competition is often between large and small larvae, and observations suggest that when this occurs, the younger, smaller larvae usually die. Mortality is probably not always due to starvation. Cannibalism is probably involved in some cases with the larger larva simply eating straight through the smaller one as it elongates its gallery.
In the field, the thickness of the phloem in the breeding material available to the beetles will vary considerably, and this will affect the amount of food available to the larvae, and thus the intensity of competition. The importance of phloem thickness has been clearly shown by Amman (1969 Amman ( , 1972 for the scolytid Dendroctonus ponderosae Hopkins, but it was excluded as a variable from the present study. Jt has been shown above that food quality is also important. Food quality will depend on the individual tree, the time of year, the rate of deterioration of the phloem, etc. Invariably, food quality decreases during larval development. Kangas (1953) noted that bark beetles often select breeding material which becomes qualitatively unsuitable for larval development at a later stage, even when there is a free choice.
Consideration of the above factors suggests that larvae developing from later-hatching eggs in a log are subject to higher intensities of competition and are at a competitive disadvantage relative to earlier-hatching larvae. The population density is higher, the parental galleries are closer together, the larvae are relatively younger and smaller, the food quality has deteriorated further and less food is available to each larva. The major effects of this competition have been shown to be an increase in mortality, and a decrease in the weight of the adults emerging. Mortality probably never reaches 100% for two reasons. Firstly, egg-laying is not simultaneous and some of the older larvae will always be able to obtain enough food. Secondly, there is the possibility of cannibalism at high densities, again allowing the survival of older, larger larvae.
The relative importance of decreases in weight and increases in mortality, as effects of competition, varies in the three species studied. In Scolytus multistriatus, changes in total production with population density are largely the result of changes in mortality. Changes in beetle weight have relatively little effect. Since mortality does not compensate very much for variations in initial density, total production rises at almost the same rate as population density. In Tomicus piniperda, there is relatively little change in weight with population density, and changes in total production are again largely the result of increased mortality. Mortality compensates to a greater extent for variations in initial density than in Scolytus multistriatus, so that production increases less rapidly with population density. In S. scolytus, the relatively greater rate of reduction in individual weight, with increasing population density, is largely responsible for the smaller rate of increase in total production with density. Mortality does not compensate to such an extent as in Tomicus piniperda.
It is possible to see an advantage to individuals that emerge early from a log. They will be able to attack fresh breeding material before later-emerging adults, and it is likely that their offspring will have a greater chance of survival (see above). However, the advantage may be balanced against the disadvantage that the larvae will not be able to grow to their full size if the development period is shortened too much. Smaller adults are likely to have a lower fecundity. There is little information on the relationship between size and fecundity in bark beetles. There is some evidence that in Ips typographus smaller females have a lower fecundity (Thalenhorst 1958 ). Reid (1962) found that under natural conditions, females of Dendroctonus monticolae Hopkins laid only a small fraction of the eggs they were capable of producing. The rate of egg-laying varied directly with female size, so that larger females were likely to lay more eggs, other factors being equal. McGhehey (1971) has shown that in D. ponderosae both the number of eggs laid and the size of the eggs increase with female size. However, Eidmann & Nuorteva (1968) found no constant relationship between parental size and length of maternal gallery or number of eggs laid in Tomicus piniperda. It seems likely that a direct relationship between size and fecundity does hold for scolytids as for many other insects (Klomp 1964 ), but it may be influenced by the amount of food reserves stored during development, by the amount of maturation feeding before oviposition starts, and by feeding during construction of the parental gallery.
In natural conditions, observations suggest that intraspecific competition is common among bark beetle larvae. The pheromones produced by the adults (see bibliography in Borden & Stokkink 1971) are very effective in aggregating the beetles in suitable breeding material and local overpopulation frequently occurs. However, the intensity of intraspecific competition in natural conditions will be affected by parasitism, predation and interspecific competition with other scolytid species, cerambycids, etc. as well as the factors described above. These may reduce the population density so much that the effects of intraspecific competition are not detectable (Beaver 1967b ). Many insects that live in their food medium as larvae, and which compete mainly by exploitation of their food, show similar effects of competition on mortality and adult weight to those described here (Miller 1967; Beaver 1973 
SUMMARY
(1) The factors affecting the occurrence and intensity of competition for food among bark beetle larvae are discussed. The major effects of intraspecific competition among larvae of Scolytus scolytus, S. multistriatus and Tomicus piniperda are an increase in mortality and a decrease in mean adult weight. The relative importance of these effects differs in the three species.
(2) At medium population densities (160-600 eggs hatching per 1000 cm2), the level of mortality is similar in the three species. Mortality is probably density-dependent in Scolytus scolytus and Tomicus piniperda, but apparently not in Scolytus multistriatus. It compensates for variations in initial density to a greater extent in Tomicus piniperda than Scolytus spp. At low population densities, mortality is probably due to intra-gallery competition: at higher densities, inter-gallery competition is more important.
(3) The mean weight of all individuals emerging from a log is approximately constant at low population densities in S. scolytus, but decreases at higher densities. In S. multistriatus and Tomicuspiniperda, the mean weight appears to decrease with increasing population density from the lowest densities observed. The variation in body weight is greater in Scolytus scolytus than the other species.
(4) The emergence pattern of adults from a single log, based on either numbers or dry weights, usually shows a peak about a week after emergences start and a long 'tail' extending over 5-7 weeks. The causes of this pattern are discussed.
(5) The total biomass of adults emerging from a log increases at a lower rate than population density over the range of densities studied. At medium populati6n densities, S. scolytus appears to be the most efficient converter of phloem into beetle tissue, followed by Tomicus piniperda.
(6) In T. piniperda, the effects of poorer quality food are shown to be an increased level of mortality and a decreased mean individual weight. The rates of change of mortality and weight with population density do not change significantly with food quality.
(7) Early-emerging adults have an advantage in access to fresh breeding material. Their offspring are subject to lower intensities of competition and are at a competitive advantage relative to later-hatching larvae. However, too short a development period produces smaller adults which probably have a lower fecundity. (8) The results are similar to those obtained with other insects whose larvae live in their food and compete mainly by exploitation of their food.
